[1] Melt inclusions trapped in phenocryst phases are important primarily due to their potential of preserving a significant proportion of the diversity of magma composition prior to modification of the parent magma array during transport through the crust. The goal of this investigation was to evaluate the impact of formational and post-entrapment processes on the composition of melt inclusions hosted in high anorthite plagioclase in MORB. Our observations from three plagioclase ultra-phyric lavas from the Endeavor Segment of the Juan de Fuca Ridge document a narrow range of major elements and a dramatically greater range of minor and trace elements within most host plagioclase crystals. Observed host/inclusion partition coefficients for Ti are consistent with experimental determinations. In addition, observed values of D Ti are independent of inclusion size and inclusion TiO 2 content of the melt inclusion. These observations preclude significant effects from the re-homogenization process, entrapment of incompatible element boundary layers or dissolution/ precipitation. The observed wide range of TiO 2 contents in the host feldspar, and between bands of melt inclusions within individual crystals rule out modification of TiO 2 contents by diffusion, either pre-eruption or due to re-homogenization. However, we do observe comparatively small ranges for values of K 2 O and Sr compared to P 2 O 5 and TiO 2 in both inclusions and crystals that can be attributed to diffusive processes that occurred prior to eruption.
Introduction
[2] The compositions of melt inclusions have long been viewed as be unique sources of primary information on magmatic systems [Anderson and Wright, 1972; Anderson, 1974; Roedder, 1979; Dungan and Rhodes, 1978; Sobolev and Shimizu, 1993; Sobolev et al., 1994; Nielsen et al., 1995] . The processes that result in pockets of melt enclosed by a host crystal include fracture healing, dissolution followed by re-crystallization and enclosed hopper growth. Each of these processes will trap different populations of melts which may have distinct textures and different compositional relationship to the host [Roedder, 1979; Kohut and Nielsen, 2004; Kent, 2008] . In MORB melts, inclusions formed by enclosed hopper growth are by far the most common, and are generally considered the type most likely to preserve primitive compositions and to be in local equilibrium [Kent, 2008] and therefore we focused on this type of melt inclusion in this study. A primary advantage of such melt inclusions is that they have the potential to preserve the original range of composition generated in the mantle and lower crust [e.g., Sobolev and Shimizu, 1993; Sours-Page et al., 1999; Kohut and Nielsen, 2004; Kent, 2008] . Improved access to more primitive compositions, allows construction of much more quantitative, textured models of petrologic processes in basaltic systems. [3] Despite the premise that inclusions represent relatively unmodified melt compositions, both the composition of the melt inclusions and the host crystal may be influenced by the mechanisms by which inclusions are trapped and subsequently evolve. Therefore, it is critical to be able to identify and quantify the effects of any process specific to inclusion formation and evolution, which might drive the composition of the trapped liquids away from that of the ambient melt at the time of trapping [Danyushevsky et al., 2002; Cottrell et al., 2002] . These processes may be divided into entrapment and post-entrapment processes. Entrapment processes include boundary layer effects and the entrapment of anomalous melts and the diffusive modification of fast or slow doffing elements. Post-entrapment processes include post-entrapment crystallization and diffusive re-equilibration (either pre-eruptive or effects caused by re-homogenization). A number of investigations have been conducted over the past two decades, focused on documenting and understanding both the processes themselves, as well as their potential significance [e.g., Qin et al., 1992; Cottrell et al., 2002; Danyushevsky et al., 2000 Danyushevsky et al., , 2002 Danyushevsky et al., , 2003 Gaetani and Watson, 2000, 2002; Michael et al., 2002; Kohut and Nielsen, 2004; Faure and Schiano, 2005; Goldstein and Luth, 2006; Rowe et al., 2007; Baker, 2008; Kent, 2008; Portnyagin et al., 2008] . [4] Melt inclusions are present in phenocrysts from all MORB magma types, and to different degrees in olivine, plagioclase and clinopyroxene [e.g., Sobolev and Shimizu, 1993; Gurenko and Chaussidon, 1995; Nielsen et al., 1995; Sobolev, 1996; Saal et al., 1998; Shimizu, 1998; Sours-Page et al., 1999 Kohut and Nielsen, 2004] . They are particularly abundant in high anorthite phenocrysts and megacrysts [Nielsen et al., 1995; Sours-Page et al., 1999 Danyushevsky, 2001; Danyushevsky et al., 2002 Danyushevsky et al., , 2003 Kohut and Nielsen, 2004; Font et al., 2007] . This investigation focused on primary melt inclusions, whose textures are consistent with their formation during crystal growth. Inclusions interpreted as formed as a consequence of fracture healing or dissolution were excluded from the analysis. Such inclusions were identified by their elongate or irregular morphology or presence in lines that crosscut the zoning patterns of the phenocrysts [Nielsen et al., 1995] . The majority (∼95-98%) of the melt inclusions in these samples were either round or ellipsoidal in shape and/or present in concentric bands.
[5] Plagioclase provides some interesting opportunities and challenges as a host for melt inclusions. It is a common phenocryst phase in primitive MORB and often contains numerous melt inclusions. In addition, it is characterized by a low rate of diffusion for many elements [Grove et al., 1984 [Grove et al., , 1992 Giletti and Casserly, 1994 ; Giletti and Shanahan, 1997; Cottrell et al., 2002; Costa et al., 2003; Cherniak, 2010] . Despite this, a number of studies have suggested that plagioclase-hosted inclusions are specifically prone to modification by processes such as boundary layer entrapment or diffusive equilibration [Giletti and Casserly, 1994; Giletti and Shanahan, 1997; Nakamura and Shimakita, 1998; Cottrell et al., 2002; Michael et al., 2002; Danyushevsky et al., 2002; Costa et al., 2003; Baker, 2008] .
[6] Boundary layer entrapment refers to a syncrystallization process wherein a boundary layer at the interface between the crystal and the liquid becomes depleted in the crystal components (e.g., Al and Sr in the case of plagioclase) and enriched in excluded elements (e.g., Ti and Mg). If such a layer is trapped in a melt inclusion [Kohut and Nielsen, 2004; Baker, 2008] , the composition of the melt inclusion will differ from that of the host liquid. The extent to which the inclusion composition will differ from the host (which is the composition we are attempting to re-construct) will depend on the rate of crystallization and the diffusion rates of the melt components.
[7] Post entrapment re-equilibration is a process that occurs between the phenocrysts and either the melt inclusions, or the host magma. In either case, components diffuse through the crystal as the system attempts to adjust to changes in the ambient conditions. The rate at which re-equilibration occurs is different for different components and depends on time, distance and the partition coefficient and rate of diffusion of each component [Cottrell et al., 2002] . [8] In this contribution we introduce a new approach to the study of the origin of melt inclusions wherein we focus on investigating the compositions of both inclusions and their host plagioclase. Our goal is to understand the degree to which the original melt compositions from which the phenocrysts formed are represented by the melt inclusions. In effect, we hope to answer the question "what part of the geochemical signal is most likely preserved, and under what circumstances." As frame of reference, we use the observed partitioning of trace elements to assess the degree of equilibrium between each inclusion and the host plagioclase. Equilibrium at the time of trapping between a melt inclusion and the host mineral is a primary requirement for a melt inclusion to be considered unmodified and to provide useful information. Most workers explicitly or implicitly assume that melt inclusions are trapped in chemical equilibrium with their host minerals, and numerical correction schemes for post entrapment crystallization and diffusive equilibration typically assume such initial equilibrium exists [e.g., Sobolev and Chaussidon, 1996; Danyushevsky et al., 2000 Danyushevsky et al., , 2002 Danyushevsky et al., , 2003 Kress and Ghiorso, 2004; Kent, 2008] . However, the assumption of equilibrium between inclusions and their host is almost never tested or examined in detail. [9] Plagioclase is particularly suitable for a test of the veracity of melt inclusion compositions and degree of local equilibrium as it has concentrations of several trace elements (Mg, Ti, Sr, etc.) that are sufficiently high to be accurately measured by in situ techniques with a high degree of spatial resolution. In combination with separate analysis of melt inclusions, the apparent partition coefficient of trace elements between mineral and host can be calculated and compared to existing partitioning models. Thus the analysis of the mineral host and inclusion provides a direct means to test the degree of local equilibrium between the two.
Ultra-depleted Plagioclase-Hosted Melt Inclusions
[10] A specific focus of this study is the origin of wide range of HFSE contents observed in MORB melt inclusions [e.g., Nielsen et al., 2000; Danyushevsky et al., 2002] . One of the persistent questions in MORB petrology has been the petrogenesis of anomalously low Ti (and other HFSE) concentrations in some melt inclusions hosted in anorthitic phenocrysts in MORB lavas [Sinton et al., 1993; Nielsen et al., 1995; Sours-Page et al., 1999; Danyushevsky, 2001; Michael et al., 2002; Cottrell et al., 2002; Sours-Page et al., 2002; Danyushevsky et al., 2003] . The general characteristics of populations of high anorthite hosted inclusions include: [11] 1. Major element compositions are relatively homogeneous compared to incompatible trace elements, particularly within individual phenocrysts.
[12] 2. The liquids are multiply saturated at low pressure (∼ < 0.2 GPa) with plagioclase, olivine and aluminous spinel [Kohut and Nielsen, 2003 ].
[13] 3. Minor and trace element (e.g., Ti, Zr, and REE) compositions are homogenous within individual phenocrysts, but more heterogeneous across different samples of the suite [Sours-Page et al., 1999] . This is true for both naturally quenched and rehomogenized inclusions. [14] 4. Ti, Fe and HFSE are depleted relative to elements inferred to have similar partitioning behavior during melting (e.g., REE) [Sours-Page et al., 1999 Nielsen et al., 2000] . [15] 5. Inclusion bearing, high anorthite phenocrysts are present in all major MORB magma types (E-MORB, N-MORB and T-MORB) [Nielsen et al., 2000] . [16] 6. Inclusions in plagioclase are sometimes, but not always [Sours Page et al., 2002] compositionally distinct from inclusions in coexisting olivine and spinel [Danyushevsky et al., 2002] . In addition, plagioclase and olivine hosted spinels exhibit distinct compositional populations [Allan et al., 1988] .
[17] Discussion of the origin and significance of the patterns evident in Ti and other HFSE elements in melt inclusions in plagioclase-hosted inclusions has been particularly contentious. Nielsen et al. [2000] argued that at least some of the observed range of composition is related to mixing of the mantle derived MORB magmas with a partial melt of altered depleted harzburgite (which was inferred to be Cl-rich). Michael et al. [2002] proposed a model wherein the low Ti and HFSE contents in anorthitehosted melt inclusions were generated by dissolution of plagioclase followed by channel diffusion of the incompatible trace elements from the matrix glass through the melt interface. The depleted character of the inclusions was attributed to relatively slow rate of diffusion of Ti, Zr, and the REE in basaltic melts (compared with alkalis).
[18] Danyushevsky et al. [2002] attributed the low Ti content of some melt inclusions to diffusive re-equilibration with the host phenocryst. He concluded that the process of re-homogenization of melt inclusions would have a direct effect on the minor and trace element contents that would be distinct from the compositions trapped during crystallization. Some minor and trace element contents were deemed to be robust with respect to the entrapment and rehomogenization process (MgO, Al 2 O 3 , CaO, Na 2 O, and K 2 O) whereas others (e.g., TiO 2 , FeO, and SiO 2 ) were not. The degree to which they represent the original host/parent magma was inferred to be dependent on the inclusion size and residence time, with larger inclusions more likely to preserve the parental signal.
[19] Cottrell et al. [2002] modeled post-entrapment diffusive re-equilibration in the inclusion/host system using a time-dependant diffusion model. They assumed that the inclusion and host were initially out of equilibrium. Their model calculates compositional change in the inclusions as a function of time as they equilibrate. A first order prediction from this model, as well as the earlier work of Qin et al. [1992] , is that the rate of re-equilibration and the size of the 'halo' or region in diffusive communication with a given melt inclusion will be highly dependent on the size of the inclusion as well as the partition coefficient and diffusivity of any given element.
[20] Our work aims to test these models by focusing on the distribution of Ti, Sr and several minor elements between plagioclase host and melt inclusions. The distribution of elements with distinctly different diffusion rates and partition coefficients (e.g., Ti versus Sr and K) within the plagioclase phenocrysts will be used as a means of determining the extent to which diffusive re-equilibration has affected the composition of the observed phenocryst/inclusion.
Geologic Setting and Samples
[21] Samples selected for this study cover a wide range of oceanic basalt geochemical compositions including normal, depleted, and enriched mid-ocean ridge basalts (D-MORB, N-MORB, and E-MORB). All samples contain large phenocrysts of plagioclase (≥2 mm) that range from An 83-92 and contain abundant melt inclusions. These samples were the subject of a previous investigation [Sours-Page et al., 1999] , during which melt inclusions were analyzed by ion probe.
[22] Samples were selected from the northern end of the 130 km long Endeavor Segment of the Juan de Fuca Ridge (JdF). The Endeavor Segment has an intermediate/slow half-spreading rate of ∼29 mm/yr [Karsten et al., 1986] . Karsten et al. [1986] further subdivided the Endeavor segment into the younger (<200 ka), 18-km wide, and sinistral Endeavor Offset. The intermediate MORB samples o 41.48′ 129°16.74 [Karsten et al., 1990] ) was dredged on-axis, whereas the E-MORB (E-32 -station TT175-51 -48 o 05.22′ 129°1.92′ [Karsten et al., 1990] ) was dredged within a few kilometers of the axis (and is designated as "On Axis" by Karsten et al. [1990] ). D22-3 (48°26.8′ 129 o 2.6′ [Cousens et al., 1995] ) was collected from a small center at the southern end of West Valley. The host lava types are petrographically and compositionally similar to other plagioclase ultraphyric lavas found at other ridges (e.g., AMAR [Frey et al., 1993] ; SEIR [Douglas-Priebe, 1998 ]; Galapagos Platform [Sinton et al., 1993] ; FAMOUS [Langmuir et al., 1977] ; EPR [Hekinian and Walker, 1987; Batiza et al., 1989] ; Chile Ridge [Sherman et al., 1997] ; Gorda Ridge [Nielsen et al., 1995] ).
Methods

Experimentally Determined Plagioclase-Melt Partition Coefficients
[23] To evaluate the degree to which melt inclusions represent the composition of the original melt, we evaluated the available experimental data on plagioclase/melt partition coefficients, updating the extensive review of Bédard [2006] . [24] Two observations are evident from the summary of experimental data for plagioclase ( Figure 1 ). First is that the experimentally determined partition coefficients are negatively correlated with anorthite content (as predicted by Blundy and Wood [1991, 1994] , Bindeman et al. [1998], and Gaetani [2004] ). Second, there are no data for Ti in the range of An 80 to An 100 . Nevertheless, the existing data for Ti, are coherent and the data set for the lower An range (<An 80 ) conforms broadly to the empirical (calibrated to their experiments) partitioning relation proposed by Bindeman et al. [1998] .
Melt Inclusion Rehomogenization
[25] Bulk samples of the Juan de Fuca Ridge lavas were coarsely crushed and the crystals were handpicked for rehomogenization. Rehomogenization temperatures (between 1200°and 1270°C) were determined based on the anorthite content of the feldspar host. The crystals were first heated to 1000°C for 20-30 min then held at their respective rehomogenization temperature. That re-homogenization temperature was determined by trial and error based on the anorthite content of the phenocrysts and the proximity of the melt inclusions to the olivine-plagioclase cotectic as established by olivine daughter crystals and calculated olivine/ plagioclase equilibria (technique discussed in detail by Nielsen et al. [1995] , Sours-Page et al. [1999] , and Nielsen [2011] ). [26] We used a combination of analytical techniques to determine the chemistry of the melt inclusions and host plagioclase. Major and minor element compositions of plagioclase and melt inclusions were determined by electron microprobe. Trace element contents were determined only on the plagioclase, using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). No trace element data were collected for the melt inclusions as part of this investigation. However, as noted above, a number of melt inclusion analyses were collected on separate phenocrysts as part of the Sours-Page et al.
[1999] investigation, and will be discussed below.
Electron Microprobe
[27] Major and trace element analyses for both melt inclusions and host plagioclase were performed using a CAMECA SX-100 electron microprobe at Oregon State University. BSE images were used to locate host/inclusion pairs for calculation of in situ partition coefficients. Melt inclusions were analyzed using an accelerating voltage of 15 kV, a sample current of 30 nA, and a defocused beam of 3-5 mm. Time dependent intensity analysis was used to correct for element migration away from the beam (K and Na) and toward the beam (Si and Al). The following Smithsonian standards were used: USNM 115900 Lake County, OR labradorite for Si, Al, Na, and Ca; USNM 113498 Makaopui Lava Lake, Hawaii basaltic glass for Fe and Ti; USNM 122142 Kakanui, New Zealand augite for Mg; USNM 143966 microcline for K; USNM 104021 Durango, NM fluorapatite for P; and USNM117075 Tiebaghi Mine, New Caledonia chromite for Cr. Manganese was standardized with a synthetic pyroxmangite. In the plagioclase, full grain analytical traverses were performed using a 10 mm step size.
LA-ICP-MS
[28] Trace elements in the plagioclase were analyzed at the W.M. Keck Collaboratory for Plasma Spectrometry at Oregon State University on a NewWave DUV 193 mm ArF Excimer laser connected to a VG PQ ExCell Quadrupole ICP-MS. A stationary spot analysis was conducted using a pulse rate of 3-5 Hz and ablation duration of 45 s. The spot diameter was 45 mm. Background counts were measured for 30 s before ablation and subtracted from counts measured during ablation. Data were filtered to exclude signals that were less than background plus three standard deviations during ablation. USGS standard BCR-2G and NIST standard glass 612 were measured before and after each sample for calibration and drift correction, and to assess overall accuracy. As the internal standard, 43 Ca was used for data reduction on every sample. General analytical details are given by Kent et al. [2004] . Overall external reproducibility of trace element analyses was ≤ ± 10-15% (2s).
[29] LA-ICP-MS analyses typically involve multiple spots located 50-100 mm from the melt inclusion in question (Figure 2 ). This distance is sufficient to avoid small internal plagioclase growth rims related to any post entrapment crystallization, but close enough to reasonably include plagioclase grown during or immediately before or after inclusion entrapment.
[30] An additional complication for LA-ICP-MS analyses is the chance of hitting unexposed melt inclusions during progressive ablation. The crater produced by a single ablation was between 15 and 30 mm deep. In phenocrysts where inclusions are abundant this resulted in several analyses hitting unexposed inclusions. This effect was recognized by examining count rates of elements that are highly enriched in glass relative to plagioclase (Mg, Ba, and Ti).
Results
[31] Each crystal contains numerous melt inclusions with many phenocrysts exposing 10s to 100s of a Crystal ID # refers to specific crystal separated from sample #. MII# refers to melt inclusion number within a specific phenocryst. Mg# is calculated assuming 0.9 -FeO/(FeO+Fe2O3). Plag laser # refers to a specific LA-ICP analysis. An % is the anorthite content of the host plagioclase content of the host plagioclase phenocryst taken 50-150 mm from the inclusion. A full set of analyses is provided in a the auxiliary material. D Ti and D Mg were calculated using melt inclusion/host pairs using laser ICP analyses of the feldpsars obtained proximal to the MI (edge of ablation pit >20 microns from inclusion edge).
inclusions at the surface (Figure 2 ). Melt inclusions range in size from two mm to 300 mm with the majority falling in the range of 10-50 mm (Figure 2) . The rehomogenized melt inclusions exhibit some shrinkage bubbles although these are not uniformly present in inclusions from the same crystal. Inclusions range in shape from sub-spherical to ellipsoidal, often along growth bands with larger inclusions elongated parallel to the bands.
[32] Plagioclase crystals from each of the three samples studied exhibit remarkable internal homogeneity in An contents, typically exhibiting less than 2 An% variability over the entire grain. However, each grain is characterized by a distinct An content ranging from An 83 to An 91 (Table 1 and Data Sets S1-S3 in the auxiliary material).
1 All three samples exhibited a range of An contents in their crystal cargo, with the E-MORB (E-32) exhibiting the greatest range (Figure 3 ).
[33] Inclusions of spinel in plagioclase were rare and when present, were rounded/resorbed. No olivine inclusions were found within plagioclase in any of the samples we studied. However, there were phenocrysts of olivine present in all samples, but none in contact with the anorthitic plagioclase phenocrysts. These observations are consistent with petrographic observations of other plagioclase ultraphyric lavas [e.g., Allan et al., 1988; Sinton et al., 1993; Nielsen et al., 1995] , and suggest the possibility that they have different petrogenetic histories [Lange et al., 2011] .
Major Element Variations Between Inclusions
[34] In an investigation of the range of melt inclusion composition from these Juan de Fuca samples, Sours-Page et al. [1999] used the major elements contents of the melt inclusions to show the inclusions and phenocrysts are more primitive than their host lavas. However, the melt compositions (host lava and inclusions both) fall along a trend that is controlled by low-pressure olivine + plagioclase crystallization. They concluded that although the melt inclusions are genetically related to the host lava suite, they have undergone a lesser degree of low-pressure fractionation and mixing. They also observed that the phenocryst mode (at least 10:1 plagioclase:olivine) did not match the predicted crystallization mode (2:1 plagioclase:olivine), indicating [Cousens et al., 1995] ; TT170-72 ID # E-5 [Karsten et al., 1990] ; TT175-51 ID # E-32 [Karsten et al., 1990] ), (middle) K 2 O correlation with TiO 2 and (bottom) correlation of melt inclusion Mg# with host anorthite content proximal (∼20 microns) to the inclusion. Note the correlation of P 2 O 5 and TiO 2 compared to the plateau of K 2 O relative to TiO 2 . This pattern is consistent with the more rapid diffusion rate of K 2 O compared to P 2 O 5 or TiO 2 . a significant amount of crystal sorting during transport.
[35] Our new major element data and petrography on the same samples, agrees with those results (Figures 3 (top) and 3 (middle) ). Major elements composition varies little between inclusions within individual grains, but can differ greatly from crystal to crystal even where crystals are from the same sample (Table 1 and Data Sets S1-S3). Magnesium numbers for the melt inclusions range from 62 to 74 (assuming 10% Fe +3 ), are more primitive than their host lavas [Sours-Page et al., 1999] and consistent with inclusions from other high anorthite hosted inclusions studied elsewhere.
[36] The TiO 2 , P 2 O 5 , and K 2 O contents are broadly correlated, with a general positive slope (Figures 3 (middle) and 3 (bottom)). However, inclusion K 2 O tends to be uniform within each sample. The impression of a correlation is derived from a consideration of the total inclusion population from all samples. In contrast, the P 2 O 5 -TiO 2 data is correlated, although not linearly. It is important to note here that there is no evidence of high P 2 O 5 or TiO 2 excursions within plagioclase or in plagioclasehosted melt inclusions, similar to what has been observed in olivine for P 2 O 5 [Milman-Barris et al., 2008] . It is also important to note there is a general relationship of melt inclusion MgO with host anorthite content, which suggests that the inclusions do not represent anomalous melts present within the magma plumbing system, but are the same spectrum of melt compositions that eventually mix (after further crystal fractionation) to form the erupted host lava compositions. The average inclusion composition from each of the samples falls within their expected range predicted from the composition of their host lava, with sample D22 showing the most depleted signature, TT-170 falling within the intermediate range, and E-32 being the most enriched (Figure 3 ).
Minor and Trace Element Variation Within Plagioclase Phenocrysts
[37] The one distinctive aspect of this data set is analysis of the plagioclase host crystals. To obtain cross section of plagioclase compositions, a number of phenocrysts were analyzed in detail (Figures 2-5) . The results (Figures 2-5 ) document a range of melt inclusion compositions within many individual crystals. Arguably more important, the data documents that the host plagioclases exhibits a wider range of minor (specifically Ti) and trace element composition (Sr and Ba) than represented by the melt inclusions in those same hosts. In detail, the patterns exhibited within each crystal vary, with some exhibiting a relatively coherent positive correlation of Ti versus Sr (e.g., TT170 95-107 xl B), and other crystals exhibiting a range of Ti and a narrow range of Sr (e.g., D22 and TT170 95-107 xl C) (Figure 4 ).
Discussion
Determination of in Situ Partition Coefficients
[38] The central premise of this investigation is that we can use the observed partitioning behavior of minor and trace elements between melt inclusions [Karsten et al., 1990] ). Individual points represent separate 60 mm diameter analyses of plagioclase, color coded by sample. Each symbol represents analyses of plagioclase from a different phenocryst from that individual sample. These analyses document a variety of patterns, consistent with variable degrees of diffusive re-equilibration (D22-3 with the greatest degree of re-equilibration, E-32 with the least).
and their host phenocryst to test a number of hypotheses related to melt inclusion formation and the relationship between inclusions, their host crystals and the host lava suite. Once the inclusion and the associated host have been analyzed, we can calculate an apparent partition coefficient (D Ti = Ti plagioclase /Ti Inclusion ). If this value lies within the range predicted from partitioning experiments the melt inclusion and host can be inferred to be at local equilibrium with respect to that specific element.
[39] We begin our test by comparing our apparent partition coefficients with published experimental values for Ti (Figures 1 and 5 ). In the system examined here, the range of temperature and phase composition is fairly narrow. Therefore, we can expect that the measured partitioning would likewise exhibit a narrow range. Overall our values for D Ti vary from an average of 0.024 ± 0.004 at An 91 , to 0.30 ± 0.006 at An 85 (average values for those specific An contents -relative standard deviations range up to 20% for individual samples (Table 1) ). This degree of variation is similar to that expected from analytical uncertainty alone. The total range of D Ti values that we measure is also less than that derived from most experimental studies, also due to the narrow range of temperature and composition represented in the system (Figures 5 and 6) . [40] The apparent values for D Ti we obtain are also consistent with the trend defined by the available low pressure experimental determinations ( Figure 5 ) for Ti partitioning between plagioclase and melt, falling between and slightly below the projected values from natural basaltic systems [e.g., AignerTorres et al., 2007] and those obtained from synthetic and lunar systems [Miller et al., 2006; McKay et al., 1994] . As noted above, there are essentially no existing experimental determinations for systems that correlate precisely to the aluminous MORB magmas from which the anorthitic phenocrysts form. Nevertheless, in the absence of exact analogs, our results are consistent with the existing experimental data for Ti. Note also that this data set includes inclusion compositions that vary in TiO 2 content by a total factor of 3 within any sample (e.g., from 1800 to 5000 ppm for TT170 (Figures 4 and 5) ) and individual crystals document a total range from 35 up to 200 ppm. Based on the restricted range of host/inclusion D Ti (Figure 5, bottom) , and the correlation with experimental data we conclude that there is no evidence for disequilibrium distribution of Ti between melt inclusions and host crystals. The extent of the variation in Ti and Sr with anorthite content is similar to that observed for D Ti . We also emphasize that there is also no apparent relation between the measured D value and the size of the inclusion or the TiO 2 content of the trapped melt ( Figure 6 ). The range of apparent D Ti values increases as inclusion size decreases, however this can be attributed to the greater number of small inclusions analyzed. 
Implications for Interpretation of Melt Inclusion Compositions
Geochemistry Geophysics
Geosystems G 3 G 3 Baker, 2008 ] the inclusion would trap a liquid that is anomalously high in incompatible elements, particularly those that have relatively slow diffusivities in basaltic liquid such as Ti [Baker, 2008] , compared to the host liquid as a whole. Baker [2008] report enrichments of up to 50% in Ti content in experimentally produced melt inclusions. Such enrichments would translate to an anomalously low apparent D Ti , compared to what one might expect based on experimental determinations. Such values would also be dependent on the size of the inclusion, because small inclusions would contain a higher proportion of the boundary layer. We would also expect inclusions with the highest TiO 2 contents to have the lowest apparent D Ti , as the highest TiO 2 compositions would be expected to result from the greatest degree of boundary layer trapping. Given that we see no evidence for either anomalously low D values or variations between apparent D and inclusion size or inclusion TiO 2 content (Figure 6 ), we believe that boundary layer trapping has little discernable effect on the compositions of these inclusions. This conclusion is in accord with other studies of natural inclusions that find little evidence for trapping of boundary layers in melt inclusions in natural basaltic systems [Nielsen et al., 1998; Kuzmin and Sobolev, 2004; Kent, 2008; Severs et al., 2009] and in some experimental studies [Kohut and Nielsen, 2004; Goldstein and Luth, 2006] . [42] A second explanation for the patterns described above was presented by Danyushevsky et al. [2002] , who proposed that the process of re-homogenization would have a significant effect on the major element composition of the inclusions, and would be correlated to inclusion size. However, a lack of correlation with inclusions size (Figure 6) indicates that, even though the issue of overheating, and heating trajectory may be important in a broad sense, the low Ti values exhibited by some of the plagioclase hosted inclusions and their host phenocrysts cannot be explained by the re-homogenization process. This has been independently affirmed in a separate study of plagioclase hosted inclusions [Nielsen, 2011] .
[43] As described above, Michael et al. [2002] proposed a scenario wherein rapid dissolution of feldspar phenocrysts would create a boundary layer of plagioclase rich melt. Elements with different diffusivities would move into that layer at different rates, resulting in relatively enrichment of rapidly diffusing elements (e.g., Sr, K) and depletion in slow diffusing elements (e.g., Ti, HFSE). Entrapment of that interface would preserve a variably re-equilibrated melt composition that was not in equilibrium with the host plagioclase. That adjacent crystal would not be in equilibrium with the trapped melt, resulting in a high apparent D Ti . This is not observed in our data set; there is no systematic correlation between apparent D and TiO 2 content (Figure 6 ). From this we argue that this specific trapping Figure 6 . Correlation of (top) phenocryst/inclusion Ti partition coefficient and inclusion size, (middle) melt inclusion K 2 O with melt inclusion size, and (bottom) host/inclusion D Ti versus TiO 2 of melt inclusion. Note the lack of correlation with inclusion size, indicating that the inclusion did not trap a boundary layer. mechanism has not been responsible for forming the inclusions in this study, and given that Michael et al. [2002] observed the low HFSE composition in only a small proportion of their own inclusions hosted in a single crystal, is probably only locally significant at best. Overall our data support a model whereby low HFSE melt inclusions form in equilibrium with host plagioclase, and by extension these represent real melts present within MORB systems.
[44] Cottrell et al. [2002] proposed a model of diffusive re-equilibration between inclusions and host that predicted a greater impact for faster diffusing elements such as K and Sr, and for smaller melt inclusions. Specifically, for any group of incompatible elements, elements that are fast diffusing within plagioclase and/or are more compatible (e.g., Sr, Eu in plagioclase) should exhibit lower variance among melt inclusions, and lesser degrees of zoning in phenocrysts. Observations of natural plagioclase hosted melt inclusion suites show anomalously low variance for Sr and Eu [Cottrell et al., 2002; Kent, 2008] but not for HFSE. It is conceivable that the relatively constant apparent D we observe for Ti results from complete or near complete diffusive equilibration. However, if this were the case, then we would expect Ti contents in melt inclusions and associated plagioclase themselves to be homogenized with respect to Ti and all other elements that equilibrate at the same rate or faster, and to approach equilibrium with the external glass. This is not the case as Ti contents in melt inclusions and in individual plagioclase phenocrysts studied vary significant (Figures 4 and 5) . Individual crystals show Ti variations of up to a factor of three (with D Ti remaining broadly constant), and show variations that are close to the entire range of Ti variations observed in plagioclase from this study (e.g., Figure 4 ). [45] Note that our data does not rule out diffusive equilibration of "faster" elements than Ti. The relatively small range of values for K 2 O compared to P 2 O 5 and TiO 2 within melt inclusions are consistent with some degree of diffusive equilibration of K. This is consistent with the more rapid rate of K diffusion in plagioclase [Giletti and Shanahan, 1997; Cottrell et al., 2002; Cherniak, 2010] (Figure 3) . Diffusive re-equilibration is also supported by the trace element concentrations measured in individual phenocrysts. For example, the data for D22 exhibit a narrow range of Sr and a wide range of Ti (Figure 4) , consistent with the higher D and faster diffusion rate for Sr. Such a result would be predicted for any component with a fact diffusion rate and where the phenocryst had a long residence time. If diffusion has only partly equilibrated a given inclusion suite we might also expect to find relations between the apparent partitioning between inclusion and host, and the size of the inclusion, as geometry plays an important role in determining the rate at which diffusive equilibration occurs [Qin et al., 1992; Cottrell et al., 2002] . There is no dependence of K 2 O with inclusion size (Figure 6 , bottom). The coherent correlation characterized by the phenocrysts of sample E-32 suggest that 1) they are components of an array of related melts and 2) those phenocrysts had a relatively short (compared to D22) residence time (time interval between crystallization and eruption). In effect, this evidence indicates that the range of Ti, Sr and Ba (Table 1) represent a measure of the original array of parent magmas in this system with only the most rapidly diffusing elements, e.g., K 2 O, exhibiting evidence of diffusive re-equilibration ( Figure 3 ). In addition, the characteristics of the array of data suggest that the melts associated with the plagioclase phenocrysts extend to much more depleted compositions than any we see at the surface. In light of the new data on the character of abyssal peridotites [Salters et al., 2011; Stracke et al., 2011] raises some important questions with respect to the connection of erupted magmas to their proposed source -and in the case of plagioclase phenocrysts, to materials that remain in residence in the lower crust. In effect, how do transport processes affect the sampling the components of mantle melting and crustal processing? In addition, our results suggest that great care must be taken in the interpretation of ratios of elements that have different rates of diffusion (e.g., K/Ti). In the case of the samples reported on here, melt inclusions from D22 and TT170 exhibit a range of K 2 O /TiO 2 that brackets that of the host lavas. In contrast, inclusions from E-32 exhibit a range of values that is, on average, lower than the host (Table 1) . [46] These results clearly raise as many questions as they answer. An ongoing study of the Sr isotopes of these phenocrysts and their host lava [Lange et al., 2011] is targeted at further constraining the relationship between them, and ultimately the character of the array of magmas present at the site of plagioclase crystallization, presumed to be the lower crust.
[47] An alternative scenario to diffusional equilibration for Sr or K is that their values in melt and plagioclase were "buffered" by interaction with the lower crust prior to melt inclusion entrapment.
Discrimination of these two scenarios requires that we know the initial state of the liquid, which we do not. However, an approximation may be made based on the maximum observed range in values if one has a number of different elements with different diffusion rates and similar partition coefficients. Unfortunately, the data set reported on here does not have sufficient range (in elemental behavior) to address this specific question quantitatively. Addressing this problem will involve collecting a wider range of compositional and isotopic data from the phenocrysts, melt inclusions and host lavas [Lange et al., 2011] .
Petrologic Context of Anorthitic Phenocrysts
[48] One of the challenges of working with melt inclusions is accommodating the perspective that they represent melts trapped during anomalous periods of crystal growth [Kohut and Nielsen, 2004; Hammer, 2008] . There remains a question as to the degree to which they are truly representative of the magmatic evolutionary trends of the system, regardless of the degree of post entrapment modification. In effect, we are left with the task of demonstrating that the crystals, trapped liquids, and host magma are all part of the same petrologic system. We have approached this problem by collectively considering the relationship of the crystal composition, the host/inclusion partition coefficients described above, and independently analyzed melt inclusion and host lava compositions.
[49] Phenocryst zoning profiles, particularly when combined with inclusion data, offer the advantage that they may preserve a more complete picture of the processes that generate the magmatic suite [e.g., Kent, 2008] . To successfully use trace element contents of phenocrysts together with liquid trends defined by inclusions and lavas as indicators of process, we must know the partitioning behavior of appropriate elements. There are significant limitations to partitioning models for plagioclase as applied to high An plagioclase in MORB (see above). However, as a proof of concept, we make an initial attempt using available data.
[50] The goal of this analysis is to evaluate the degree to which the anorthitic feldspars from the specific plagioclase phyric E-MORB studied above were in equilibrium with their melt inclusions and the associated lava suite. To test this we have calculated equilibrium melts from the minor and trace element contents of feldspar phenocrysts, using partition coefficients from our analysis and the literature, and have compared these compositions to melt inclusions from the same sample, and to the host lava. To make this an independent evaluation, we compared the calculated compositions to melt inclusions determined in a separate study, from separate phenocrysts, but from the same hand sample [Sours-Page et al., 1999] . Those data were not used in the calculation of the apparent partition coefficients. Such a comparison is relevant only in cases where the phenocrysts appear to represent a coherent, genetically related population (e.g., sample E-32 (Figure 4, bottom) ). In other cases, where the population of phenocrysts is diverse (e.g., sample TT170 (Figure 4, top) ) one would not expect that the population of inclusions would necessarily be consistent with population of phenocrysts or with the host lava.
[51] The partition coefficients used were, for Ti, based on the phenocryst/inclusion ratios determined from that specific sample Ti (D Ti = 0.025) and for Sr, based on projected values derived from experimentally determined partition coefficients (Figure 1 ; D Sr = 1.4). The calculated equilibrium liquids (Figure 7) , calculated from the plagioclase phenocrysts compositions (Table 1) overlap (red crosses) with the melt inclusions (green circles) calculated from the Sours-Page et al. [1999] melt inclusion data collected from different phenocrysts from the same sample. Therefore, the inclusion compositions, their host phenocrysts and their host lavas represent a set of materials that are in general equilibrium (obviously the range of values means that no individual inclusion or crystal is in equilibrium with all materials). In addition, although the range of melt compositions inverted from phenocrysts overlaps the highest Ti and Sr values, it also extends to even lower Ti and Sr values than observed in the melt inclusions. This suggests that some of the feldspars formed from melts that are even more depleted (have lower incompatible elements) than the most depleted melt inclusions.
[52] The consequences of these calculations are relevant to the long-standing controversy regarding the petrogenesis of the Ti-and other HFSE-depleted melt inclusions common to plagioclase phenocrysts from this class of high Al MORB. Our results document that some of the inclusions and their host feldspars are highly depleted with respect to Ti and are real features of the melts that crystallize plagioclase. However, the range of Ti extends up to and above values we can infer to be in equilibrium with the host suite. This supports the conclusion that these feldspar phenocrysts crystallized from an array of magmas that includes both those characterized by extreme depletions in Ti and other HFSE, as well as more enriched components.
[53] This conclusion is in contrast to those of the interpretations of Danyushevsky et al. [2002] with regards to the different composition of spinel and plagioclase hosted melt inclusions in close association. The details of spinel -melt partitioning of Ti and the HFSE for these compositions is beyond the scope of this study. Nevertheless, the correlation of the calculated liquids based on plagioclase compositions and inferred experimental partition coefficients with both the host suite and the melt inclusion population is consistent with a genetic relationship (in these cases at least). This conclusion almost certainly varies from sample to sample, dependent on the provenance of the phenocrysts (e.g., the degree to which the crystals are xenocrystic versus autocrystic). In addition, the relationship between the observed phenocrysts (plagioclase, spinel and olivine) remains an open question. Danyushevsky et al. [2002] presumed that the phenocrysts represented an equilibrium assemblage (e.g., they all grew from the same liquid at the same time). However, the absence of high An plagioclase inclusions in olivine, or olivine inclusions in high An plagioclase, together with the resorbed texture of most spinel inclusions in plagioclase and the different population of spinel compositions in olivine and plagioclase [Allan et al., 1988] suggests that the relationship may be more complex, and should be the subject of additional analysis. Regardless, we agree with Danyushevsky et al. [2002] that some of the major element patterns (specifically Al and perhaps Fe) were altered by post-entrapment reequilibration and are a less robust signal than other components. Even though re-homogenization of the inclusions can eliminate most of those effects, major elements are somewhat susceptible to over and under heating. In contrast, incompatible minor and trace element contents are less sensitive, as indicated by comparison of naturally quenched and experimentally re-homogenized inclusions [Nielsen, 2011] .
Conclusions
[54] This investigation focused on the relationship between the phenocryst composition and the melt inclusions trapped within them. Our goals in this study were (i) to evaluate the degree to which the melt inclusions represent the original trapped liquid (versus the product of entrapment or post-entrapment processes) and (ii) to use these analyses as a framework within which to evaluate whether the magmas that produce unusually anorthitic plagioclase belong to the mainstream of MORB magmas. [55] To test these models, we examined the range of minor and trace elements composition in a number of melt inclusions and their plagioclase hosts. These are the observations we have made: [56] 1. The Ti content of plagioclase from plagioclase ultra-phyric MORB lavas exhibits an even greater range of composition than that exhibited in the melt inclusions.
[57] 2. The observed variation in Ti in plagioclase is correlated with the Ti in the melt inclusions, exhibiting partitioning behavior similar to that predicted by experimental data.
[58] 3. There is no evidence that a trapped boundary layer represents a major part of the melt inclusion signal for plagioclase-hosted inclusions. In addition, such a process does not explain the observed low Ti contents observed in plagioclase-hosted inclusions.
[59] 4. Plagioclase hosts are equally depleted as the inclusions, suggesting that no depleted boundary layer effect played a major role in the formation of the inclusions (e.g., Michael et al.'s [2002] model).
[60] 5. Each crystal appears to have a distinct history, and each sample contains a complex crystal cargo of phenocrysts. This is consistent with the findings of other investigators working on similar ultra-phyric samples [e.g., Cordier et al., 2007; Font et al., 2007; Hellevang and Pedersen, 2007] .
[61] 6. Some individual crystals exhibit a narrow range of concentration for fast diffusing elements (e.g., Sr, K) in both melt inclusions and host feldspars, while exhibiting a wide range for slower diffusing elements (e.g., Ti). This is consistent with the model of Cottrell et al. [2002] for post-entrapment diffusive re-equilibration. In addition, the diffusive re-equilibration of K, complicates the use of K/Ti ratios to interpret the patterns observed in terms of the metrics normally used for erupted lavas.
[62] Considered collectively, our observations are consistent with a model wherein anorthitic feldspars in MORB represent the product of a combination of processes dependent on the specific transport history of their host. In each case, the range of phenocrysts represents a measure of the array of magmas present at the time of plagioclase crystallization -modified to different degrees by diffusive re-equilibration. However, that process cannot explain the extremely low values for Ti, which may represent a depleted component that is rarely sampled in the erupted lavas. This is consistent with a growing data set that indicates that parts of the mantle are characterized by highly depleted isotopic and trace element contents [Salters et al., 2011; Stracke et al., 2011] . Identification of the precise petrogenetic relationship between the phenocrysts and their host will require additional trace element and isotopic constraints [Nielsen, 2011; Lange et al., 2011] . Perhaps most important, our results indicate that whatever relationship exists, it is shared by both the plagioclase phenocrysts and their melt inclusions. [63] Within the context of the magmas of the Juan de Fuca Ridge, our results suggest that the magma storage and transport system sample very different materials in different locations, both in terms of the mantle melts and in terms of the crystal cargo. Some lavas contain phenocrysts, and melt inclusions that are representative (or at least related to) of the parent magmas of the host lava (e.g., E-32) while others (e.g., D22) have been significantly modified by post entrapment re-equilibration, and may be technically considered xenocrystic. Nevertheless, information implicit in their modified patterns may yield important information on the magma transport and storage system.
